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Abstract

Ground faults in photovoltaic (PV) systems pose a fire and shock hazard. To mitigate
these risks, AC-isolated, DC grounded PV systems in the United States use Ground
Fault Protection Devices (GFPDs), e.g., fuses, to de-energize the PV system when
there is a ground fault. Recently the effectiveness of these protection devices has
come under question because multiple fires have started when ground faults went
undetected. In order to understand the limitations of fuse-based ground fault
protection in PV systems, analytical and numerical simulations of different ground
faults were performed. The numerical simulations were conducted with Simulation
Program with Integrated Circuit Emphasis (SPICE) using a circuit model of the PV
system which included the modules, wiring, switchgear, grounded or ungrounded
components, and the inverter. The derivation of the SPICE model and the results of
parametric fault current studies are provided with varying array topologies, fuse sizes,
and fault impedances. Closed-form analytical approximations for GFPD currents
from faults to the grounded current carrying conductor—known as “blind spot”
ground faults—are derived to provide greater understanding of the influence of array
impedances on fault currents. The behavior of the array during various ground faults
is studied for a range of ground fault fuse sizes to determine if reducing the size of the
fuse improves ground fault detection sensitivity. The results of the simulations show
that reducing the amperage rating of the protective fuse does increase fault current
detection sensitivity without increasing the likelihood of nuisance trips to a degree.
Unfortunately, this benefit reaches a limit as fuses become smaller and their internal
resistance increases to the point of becoming a major element in the fault current
circuit.
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1. INTRODUCTION

The mechanical, electrical, or chemical degradation of photovoltaic systems can lead to a
number of fault scenarios. In this report, we investigate the electrical behavior of PV systems
that have undergone an electrical fault to ground from different locations in the PV array. Faults
of different impedances are simulated on arrays of varying sizes to determine fault characteristics
on residential, commercial, and utility scale systems. Recently, a "blind spot" in the traditional
ground fault protective system has been identified for grounded and isolated PV systems which
are the most common in the United States. This occurs in cases where there exists an undetected
ground fault to the grounded current-carrying conductor, and then a second fault occurs in the
array. At this point, the Ground Fault Protection Device (GFPD)—often called the Ground Fault
Detector/Interrupter (GFDI)—is not capable of de-energizing the fault and multiple fires have
resulted [1]. Industry leaders have suggested lowering the GFPD (e.g., fuse) ratings would
improve the chances of detecting high impedance, low current ground faults. In order to better
understand the impact of changing the fuse ratings on ground fault protection systems, a range of
leakage current cases were simulated to quantify the likelihood of nuisance trips with reduced
GFPD ratings. The simulations on different array sizes show that decreasing GFPD ratings
improves the number of low-impedance faults that can be detected without increasing the
number of nuisance trips to some extent. In the case of blind spot ground faults where there is a
ground fault to the grounded current-carrying conductor, decreasing the fuse size below 1 A does
not improve the number of detectable ground faults because the internal resistance of the fuse
prevents the current from passing through the GFPD. Therefore, decreasing GFPD ratings alone
will not mitigate all ground faults and alternative ground fault detecting tools are required to
identify blind spot faults.
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2. SPICE PV MODEL AND INVERTER MODEL CREATION

To simulate faults to different PV systems, PV arrays were constructed with multiple modules
connected to a central inverter. While there are a number of PV configurations and topologies in
the United States, the most common is the DC-grounded, AC-isolated system. Unfortunately
this design is known to have problems with undetectable ground faults [1, 13]. As a result, the
simulations focused on this topology to identify the depth and severity of the problem.

PV modules are non-linear circuits. Their behavior is difficult to describe analytically without
transcendental equations, but the use of computer circuit simulations can describe the behavior of
a PV system for a wide variety of fault conditions [2]. A common method of circuit simulation
is the use of the Simulation Program with Integrated Circuit Emphasis (SPICE). SPICE,
originally developed at the University of California, Berkeley Electronics Research Laboratory
in 1973 [3], is a general-purpose, open source, analog circuit simulator used to predict circuit
behavior. In this work, the program MacSPICE, a derivative of SPICE3f4, was used to analyze
the behavior of PV systems in various array configurations and ground-fault conditions [4].

The SPICE model of the PV array is accomplished through the construction of a PV module
using a one-diode model, as depicted in Figure 1. These modules consist of an ideal current
source (Is) in parallel with a diode and shunt resistance (Rgs,) and in series with a series
resistance (Rg). In order to increase the V. of the module above the voltage drop of a regular
diode (~0.6 V), the ideality constant of the diode is increased [5].

Rs=1-1020Q

M y

lsc=25A

CD XZNzSO §R5h=1-102°g

Figure 1: One diode model for single PV module.

This one diode model allows for total customization of the module I'V curve. The slope of the IV
curve around V. is controlled by the value of Rg.. The slope of the IV curve around Iy is
controlled by the value of R;. The value of the current source determines the value of I, while
the diode ideality constant, N, determines the V., shown in Figure 2.

For the purposes of this work, the one-diode model is constructed to approximate a nearly perfect
photovoltaic module. The current source is set to supply 2.5 A at short circuit, the diode has an
ideality factor of N=80, the shunt resistance is set 1-10*° Q and the series resistance is set to 10
mQ. This module gives an IV curve (green trace in Figure 2) with I, of 2.5 A, V. of 56 V, and
Pmpof 118 W. The max power point has a current of I,,=2.4 A and a voltage of V,,2=49.2 V.

13



IV Curves of SPICE PV Module of Different Diode
Ideality Factors
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Figure 2: IV curves for one-diode PV module as diode ideality factor, N, is varied.

2.1. SPICE PV Array and Inverter Model Development

To determine the behavior of residential PV arrays during a ground fault, a model was created
composed of a number of strings wired in parallel. Each string is composed of seven modules in
series (Figure 4). Each module is connected to a bypass diode (I=4.7-10"* A, N=1). The array
is wired to a resistor, as a basic approximation of the real input impedance of an inverter. The
resistance connected to the array in all the simulations is set at the resistance required to generate
maximum PV power, Ry, of the unfaulted array.

2.2. Inverter Model Simplifications

As stated earlier, a DC-grounded, AC-isolated central inverter is modeled in each of the
simulations because this topology is susceptible to faults that are undetected by the ground fault
fuse. Only the real component of the inverter impedance is modeled, although physical inverters
are a complex system containing transistors, capacitors, and switching controls [6]. However, if
the voltage ripple and max power tracking [7] are ignored, the PV system can be approximated
by a steady state DC system with a constant resistance. This means that the imaginary
components of the inverter impedance have no effect on the steady state solution before and after
the fault occurrence. This may not necessarily be the case during the transient time period when
the fault occurs; there is a discrete change in system state, in which the storage elements in the
inverter backfeed current through the PV system if there are no blocking diodes [8, 9]. As will
be shown later, the inverter bus capacitor is charged to Vi, before the fault, but the ground fault
drops the operating voltage of the array so the capacitor discharges into the array. This spike in
current into the array is large, but the time period of the backfeed is unlikely to trip a GFPD fuse.
If, for example, a 2-string array with a 1 mF capacitor is considered (a common capacitance to
have in a residential inverter), the time required for the fault current transient to drop below the
trip level of a I A would be on the order of 15 ms (59 J of dissipated energy), shown in Figure 3.
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The Littelfuse KLKD 1 A fuse, a common “midget” style fuse used in residential inverters,
requires 30 ms to clear at a current of 5 A (210 J) [10]. This does not take into account the
resistance of the fuse, which will decrease the magnitude of the voltage spike. Thus, a real fuse
will have a smaller current spike and is unlikely to trip during such a fault event.

6 Transient Current of 1+ fault through GFPD with

and without Bus Capacitance

—No Capacitor

4 —1mF capacitor, 1ImQ ESR
—1mF capacitor, 100m<Q ESR
"""" 1A GFPD fuse

GFPD Current (A)
w

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Time (s)

Figure 3: Transient GFPD current of a 1+ fault with and without connection to an inverter bus
capacitor. The blue trace shows the transient GFPD current with the inverter modeled only as a
resistive element. The overlapped red and black traces show the inverter modeled as a complex

impedance with a 1 mF bus capacitor and a capacitor series resistance of 1 mQ (red) and 100 mQ
(black).

Larger inverters tend to have higher capacitance values and correspondingly higher fuse trip
points. The increase in capacitance increases the amount of stored energy available to trip the
GFPD. This energy will be released more slowly by altering the RC time constant of the
capacitor discharge, causing the GFPD current to remain higher for longer. However, this is
offset by three factors:

(1) In large inverters, the GFPD rating is increased so that more peak current for
much longer time periods is required to trip the fuse. For example, in Figure 3,
even for very large capacitance values (~10 mF), if the GFPD trip point is set at
3,4, or 5 A, the fuse is unlikely to trip.

(2) As the fuse trip point increases, the intrinsic resistance of the fuse decreases and
the ratio of power dissipated by the GFPD compared to the fault is lowered. So
larger fuse sizes dissipate smaller percentage of the capacitor energy compared
to lower fuse values and are less likely to trip due to the capacitor discharge.

(3) For a large number of strings, the voltage drop in the array due to a single
faulted string is small, therefore, the energy supplied by the capacitor

15



(dependent on the difference in the square of the voltages) is small compared to
a smaller array (which has a larger voltage drop due to a fault in a single string).

Based on these factors, it is unlikely that the imaginary components of the inverter impedance
will affect GFPD fuse response and the inverter may be simplified to a resistive element.
However, more advanced modeling of the inverter/PV system interaction does warrant future
study.

2.3. Identification of fault locations

With this model of a PV system, various ground faults were modeled. The ground faults can
occur inside modules, in conductors between modules, and in DC runs; however, due to the
limitations of the SPICE model, faults within the module to the frame are not considered. Blind
spot ground fault simulations are a more complicated situation requiring the modeling of the
conductor impedances and are investigated in Section 6. In the SPICE array models, a fault to
ground is composed of a controllable switch and a resistor. As a method of categorizing the
location of the fault on the faulted string, the fault is named for the module and terminal that the
fault originates. For example, the fault shown in Figure 4 would be labeled as 4+, since the fault
occurs from ground to the positive terminal of module #4. It is to be noted that a ground fault at
4+ is synonymous with a fault at 5-. However, for consistency, the nomenclature will only refer
to ground faults at the positive terminal of a module.

2.4. SPICE ground fault modeling details

The shunt resistance (Rshunt) around the ground fault switch is implicit in SPICE simulations and
is present for any device that results in a sudden, discrete voltage change (e.g. switches, diodes).
This is necessary in nodal analysis programs, such as SPICE, to prevent floating voltages that
can lead to singular conduction matrices and unstable circuit simulations. This resistance is set
to the reciprocal of the minimum conductance (Gmin). For this series of simulations, Gmin 1S set
to 1-107'” resulting in a value for Iguy in the range of nanoamperes. Due to this modeling
limitation, no element ever has zero current flow, but will instead have some very small nonzero
current dependent on the value of Guin.

16
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Figure 4: Schematic diagram of two-string PV array with seven modules per string. When the
switch is closed String #2 is faulted to ground through a resistor, R¢,,;, at position 4+.

2.5. Equivalence of solid ground fault and arcing ground fault

Two distinct types of faults may occur from string to ground: the first is a fault in which two
conductive elements make continuous physical contact and current flows between them. A
simple resistance may easily model this type of fault. A second type of fault, known as an arc-
fault, occurs when two exposed conductors at different electrical potentials approach or briefly
contact each other. Rather than making firm contact, current flows via the electrical breakdown
of gas between the two conductors without a physical connection between the two.

Previous work on DC arcs [11, 12] has shown that an arc is a highly nonlinear system, with a
non-constant resistance. The current-voltage properties of DC arcs for systems with copper
electrodes and an air gap between 1 and 10 mm were investigated by Nottington et al. and can be
described by Eq. (1):

V=A+I£n (1)

where A = 27.5, B = 44, and n = 0.67. A nonlinear resistor is most easily accomplished in
SPICE using a current-controlled voltage source with a voltage value equal to Eq. (1). However,
simulations show the non-linear resistance characteristics of the DC-arc have no impact on the
transient characteristics of the faulted array. Figure 5 shows the similarity in transient behavior
between a non-linear SPICE current-controlled voltage source (left) and a regular resistor in
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series with a switch (right). Both transients act as a step function because the simulation is
assumed to be ideal with no energy storing elements in the circuit.

2-String Array Ground Fault with R, ,,=0.1 Q 2-String Array Ground Fault with

V,,,=27.5+44/10.67

w
o
w
o

- 25 —~ 25
< <
20 < 20
] ]
E1s E1s
3 3
o
S 1.0 S5 10
& £

0.5 0.5

0.0 0.0

0.00 0.02 0.04_ 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
time (s) time (s)

Figure 5: Fault current for a two-string array using both a non-linear current-controlled voltage
source (left) and a simple linear resistor (right). The fault location for these simulations is 4+.

If inductive and capacitive parasitics, such as those present in real systems, are added to the
circuit simulations, there will be greater variation between modeling the fault as a simple linear
resistor compared to the non-linear DC arc model. Since there was no analytical difference in the
transient effects of the non-linear and linear representations of the arc-fault resistance, a simple
resistor in series with a switch was chosen to model the ground fault for both simple and arcing
ground faults.
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3. GROUND FAULTS IN TWO-STRING ARRAYS WITHOUT LEAKAGE
CURRENTS

The first set of ground fault simulations were for a two-string array with string #2 faulted to
ground. The value of Ry, was varied from 0.1 to 1-10*! Q at module nodes 1+ through 7+. In
these simulations, none of the bypass diodes turned on and the only current flow through the
diodes was consistent with leakage current due to Guin, on the order of nA.

3.1. Module performance with ground fault

The voltage output of the array decreased with decreasing fault resistance due to the presence of
a fault. A fault at 4+ with Re, =100 Q, shown in Figure 6, decreased the applied voltage across
each module in string #1 and moved the operating point of each module on string #1 toward
short circuit (red circle on inset of Figure 6). The current output of string #1, therefore, increased
compared to the unfaulted case.

The presence of a fault splits the modules of string #2 to different operating points. If, for
example, the fault is located from 4+ to ground, as shown in Figure 6, the voltage at point 4+ is
pulled down to a voltage of V = Iy - Reur.  The modules that are below the fault decrease in
applied voltage, so that their operating point moves towards short circuit (blue circle in inset of
Figure 6). Those modules source current close to I,.. The modules above the fault have an
applied voltage that is greater than in the unfaulted condition, causing their operating point to
move towards V. (green circles in inset of Figure 6). These modules source less current than the
unfaulted case. Through the use of Kirchoff’s Current Law (KCL), the difference between the
current sourced by the modules below the fault plus the fault current must equal to the current
sourced by the modules above the fault. In addition to the fault current, which does not reach the
inverter, the total output power of the array is significantly reduced during the fault, since all the
modules are shifted off the maximum power point.
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Figure 6: Example simulation results for a two-string array with a 100 Q ground fault located at 4+
of string #2. Before, the fault, the operating point of the array is at maximum power (black dot in
inset picture). After the fault, the applied voltage of the array decreases, so the operating voltage
of the modules in string #1 decrease (labeled A), increasing the amount of current sourced. The
applied voltage of modules below the fault on string #2 (labeled as C) show a decrease in applied

voltage at operating point, while those modules above the fault (labeled B) show an increase in
the voltage at operating point.

3.2. Ground fault resistance influence on GFPD fault detection

The effect of the ground fault on the array is dependent on both its location and resistance. The
example fault in Figure 6 shows a relatively high resistance fault. This high resistance type of
fault may occur due to corrosion or partial conductor insulation failure due to cracking,
degradation, or breakdown.

Low resistance faults and faults incorporating more modules (e. g. at 7+) increase the power
through the fault path and therefore increase the probability of a fire. The results of all the
simulations (Rgu=0.1 to 1-10*' Q at 1+ to 7+) are shown in Figure 7. Figure A shows the
behavior of the array voltage as a function of Rgyy for locations 1+ to 7+ on string #2. The
voltage of the array decreases sharply once the value of Reyy is below ~1000 Q. Other than the
value of Rgui, the array voltage is highly dependent on the location of the fault. The array
voltage decreases more when the fault occurs closer to the positive end of the string.
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Similar results can be seen for the array current (Figure 7 B) and array power (Figure 1 C). As
expected, the current through Rgye has the opposite behavior (Figure 7 D); the value of Lgyi
increases dramatically for values of Ry less than ~1000 Q and as the number of faulted
modules on string #2 increases. For Repy=0.1 Q, which would represent a reasonably solid fault
connection, the dependence of Igyr on the number of faulted modules is linear (Figure 8). This
indicates ground faults that incorporate fewer modules will be more difficult to detect, since less
current flows through the fault and a higher sensitivity fuse must be used. For example, ifa 1 A
GFPD fuse (dashed line in Figure 8) was used for this two-string array, a ground fault with

Reu=0.1 € at 1+ would never trip the fuse since Igy is only 0.568 A. In this case, the ground
fault would remain indefinitely.
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Figure 7: Results of ground fault SPICE simulations for a two-string array with a ground fault
located on string #2 at various nodes (1+ through 7+). Quadrant A shows the array voltage as a
function of fault resistance. The array voltage decreases dramatically as more modules are
faulted and for fault resistance below ~1000 Q. Similar results can be seen for array current (B)
and output power (C). Quadrant D shows the fault current increases as the number of faulted
modules increases and fault resistance decreases below ~1000 Q.
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GFPD Current for R,,=0.1 Q vs. Number of
Modules Faulted

@=@==GFPD Current
® e e ()5AGFPD

@= 1AGFPD

Fault Curent (A)

ooooooooooooooooooooooooooooooooooooooooooooooooooooo

1 2 3 4 5 6 7 8
Number of Modules Faulted

Figure 8: Graph of fault current vs. number of modules faulted for a fault resistance of 0.1 Q. The
fault current increases nearly linearly with the number of faulted modules.

3.3. GFPD current dependence on irradiance

The majority of circuit analyses and simulations assume that the PV array operates at 100% solar
irradiance level or 1000 W/m®. Unfortunately, in the field, arrays are only at this irradiance level
for a short period of time. Reduced irradiance level means that modules source less current and
less current flows through the GFPD, making faults harder to detect. It is also possible for the
irradiance to exceed 1000 W/m® depending on the altitude of the installation, atmospheric
aerosols, and cloud enhancement, so in those cases there would be more current through the fault
path and the ground fault would be easier to detect. Figure 9 shows the IV curves and module
operation points for a 100 Q fault at 4+ of a two-string array at various irradiance levels. The
MPP of the array is indicated by the colored point. The operation point of modules in the
unfaulted string (A) is denoted by the black squares. Modules above the fault (B) are
represented by the black ‘x” while modules below the fault (C) are indicated by the black circles.
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Module Operating Points for Two-String Array
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Figure 9: Module IV curves and module operating points for a 100 Q ground fault at 4+ for a two-
string array at various irradiance levels. The MPP is denoted by the colored dot. The module
labels are the same as used in Figure 6. “A” modules are in the unfaulted string, “B” modules are
above the fault, and “C” modules are below the faulit.

For PV modules at the MPP, the current sourced can be approximated as a linear function of the
irradiance while voltage output remains nearly constant. Due to this, as the irradiance level is
decreased, the value of Ry, increases. This change in Ry, changes the behavior of GFPD current
with respect to irradiance level. For small fault resistances, the GFPD current is linear with
respect to irradiance level since Rpuir<<Rm, for all irradiance levels (Figure 10, left). For larger
values of Ry, as irradiance level increases, the fault resistance becomes an appreciable fraction
of Ry and the GFPD current has a sub-linear dependence on the irradiance level. For large
values of R, Reauie>Rmp for nearly all irradiance levels and most of the current flows through
the load. In this case, GFPD current is nearly constant with regards to irradiance level.
However, for all fault resistance values, the GFPD current is nearly linear with respect to the
number of modules faulted (Figure 10, right). The slope of the linear relationship is dependent on
the irradiance level. The largest slope corresponds to 100% irradiance (due to the increased
module current at high irradiance values) with decreasing slope as the irradiance level decreases.
Therefore, lower levels of irradiance yield lower GFPD currents.
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Figure 10: (left) GFPD Current vs. irradiance level for 1+ ground faults of various resistances.
Array Rmp is denoted by the black trace. Low resistance faults are linear with respect to
irradiance level while high resistance faults are sub-linear. (right) GFPD current vs. number of
modules faulted for a 0.1 Q fault. The GFPD current is linear for all irradiance levels, though lower
irradiance levels yield lower GFPD current. The linear trend holds for higher impedance faults.

3.4. Backfed currents in faulted string

It was mentioned previously that the modules on string #2 located above the fault have an
increased voltage compared to the unfaulted case. For sufficiently low resistances, the fault is
effectively at ground potential and the entire array voltage is applied to these modules, moving
them towards V.

If the fault is composed of enough modules and the fault resistance is low, it is possible for the
modules above the fault on string #2 to be biased at voltages equal to or greater than V.. This
means that those modules back-feed current from the unfaulted strings through the ground fault.
Figure 11 shows the current from faulted string #2 as a function of fault resistance. For
resistances below ~1000 €2, the sourced current decreases. For faults at 4+, 5+, and 6+, at low
values of fault resistance, the sourced current from string #2 crosses the zero axis and inverts.
This indicates current backfeeds through the modules above the fault on string #2 to the fault so
they no longer act as current sources, but as current sinks.

Figure 12 shows a schematic of a two-string array with a ground fault at 4+ such that the current
sourced by string #2 is approximately zero. In this case (corresponding to Rey=4.66 Q), the
modules above the fault are biased at V. and all the current sourced by modules below the fault
runs through the fault. For values of R, <4.66 Q, the current through the fault will increase
above 2.5 A. In this case, the current though the inverter will fall below 2.5 A and the modules
on string #2 above the fault will back-feed current from string #1 to the fault. For lower fault
resistances, these modules will be biased above V. and will source current directly into the fault.
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resistance. The current sourced by string #2 decreases as the value of Ry, decreases below
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4. GROUND FAULT PROTECTION VS. NUISANCE TRIPPING FOR
ARRAYS WITH UP TO 10 STRINGS

When designing protection mechanisms for ground faults, the effect of leakage current on GFPD
current is of primary importance. By simulating the leakage current, fuse ratings can be selected
to more adequately protect against ground faults while mitigating nuisance trips. In this set of
simulations, the ground fault behavior of two-, three-, and 10-string arrays with leakage currents
were simulated. By including leakage currents, the risk of GFPD nuisance trips was investigated
for various fuse ratings. These simulations model the ground fault fuse (GFPD) as an ideal fuse,
(e.g. no internal resistance). In Section 5.7, the internal fuse resistance is included to better
characterize system performance during a fault for different fuse ratings. Also, note that in real
arrays, there are transient effects on the GFPD due to inverter operation, noise from the AC side,
and RF effects on the array [13]. These current spikes are relatively short in duration, so they do
not cause the fuse to clear, but they could account for nuisance trips if the current is close to the
fuse rating. This effect is not included in these simulations.

4.1. Module leakage definition and modeling values

While there is current leakage from a number of places in the array, the primary source of
leakage is in the modules. Module leakage current is defined as the current between the module,
biased at some high voltage, and the grounded frame. Leakage current measurements are
described by IEC 61215 (section 10.15.3) [14] and UL 1703 (section 21.5) [15]. For determining
leakage current of a module, as described by UL 1703, both terminals of the module are at 500 V
while the frame is held at ground. The leakage current is then defined as:

‘/applied - SOOV
R R

leak leak

(2)

leak =

For the purposes of the SPICE simulations, a variety of module leakage resistance values were
chosen because these values change due to ambient conditions (rain, due, humidity, etc.), module
technology, and age. The resistance values and their corresponding leakage currents (at an
applied voltage of 500 V) are listed in Table 1. However, it should be noted that for the array
used in the simulation (unfaulted array Vo = 395 V), the applied voltage is less than 500 V for
all modules, so the simulated leakage current from each module is given in the last two columns
of Table 1 for modules 1 and 7.
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Table 1: Values of module leakage resistance and corresponding leakage current chosen for
different simulations. Green indicates the leakage is IEC 61215 compliant.

Rieak (M) | Liex @500V (mA) Liear for Module 7 @V,,, (mA) Liear for Module 1 @V, (mA)
500 0.001 0.00069 0.000246
50 0.01 0.0069 0.00246
10 0.05 0.0344 0.0049
5 0.1 0.069 0.0246
0.5 1 0.69 0.246

In order to pass IEC 61215 standards, the measured Ry, of a crystalline silicon module must be
greater than 40 MQ-m”. For typical module sizes (1.12-1.5 m?®), this would give a maximum
module leakage current of 14-18.75 uA. The values of Ricak shown in Table 1 accurately capture
both the leakage of pristine, new modules and the added leakage which might occur due to
voltage or humidity stress in the field.

The leakage current values in Table 1 were chosen in order to both capture the variety of leakage
measurements taken from modules in the field and overestimate the leakage of modules to create
a safety factor for fuse trip setting recommendations. This is necessary because module leakage
in fielded units can vary many orders of magnitude. Module leakages ranging from values of
~100 nA to 100 uA were extensively measured by del Cueto et al. [16]. Values of leakage
currents for different fielded arrays are presented in the Solar ABCs paper, “Final Report:
Examination of Inverter Ground-Fault Detection 'Blind Spot' with Recommendations for
Mitigation™ [13].

4.2. SPICE leakage model

When multiple modules are placed in series to form a string, the frames of all the modules are
connected to earth via equipment grounding conductors [17]. This results in the circuit
schematic of an array with leakage as shown in Figure 13. The positive terminal of each module
in a string has a leakage resistor connected to ground. The current leakage from any single
module in an array may be described by:

v
R

leak

module
1 leak

(3)

Since the resistance of Rieak is modeled as the same value for each module, the leakage current
will be greatest for modules at the top of the string with the highest voltage to ground, shown in
Table 1.

The module voltage above ground increases with the number of modules in a string. In an
unfaulted array, each module is at an electrical potential Vi,p higher above ground than the
module below it. Therefore, the module leakage per string (lieaxs™"8) is dependent on the
number of modules in the string, M, by:
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M .
Istring _ El Vmp
leak —
i=1 Rleak (4)

For the 7-module strings used in these simulations (Vip = 49.2 V), the maximum IEC
allowable leakage current per string (Rieak = 40 MQ2-m?) for a 1.5 m? module would be 51.66
uA/string.

In order to increase array efficiency, there is a trend towards creating higher voltage arrays
in “behind the fence” utility-scale installations where the 600 V National Electrical Code®
(NEC) 690.7 limits do not apply. An array operating at 600 V would be composed of
approximate 10 SPICE PV modules, yielding a maximum IEC leakage of 101.48 uA/string
(1.96x increase). An array at 1000 V would be composed of around 18 PV modules,
yielding a maximum IEC leakage of 315.5 uA/string (6.08x increase).

Inverter

Figure 13: Schematic for an array of modules that have a leakage current, Rj¢«-

4.3. Module leakage influence on ground fault simulations

In order to determine the effect of module leakage current on GFPD current, simulations for
ground faults at 1+, 4+, and 7+ in two-, three-, and 10-string arrays were performed using Rieax
values from Table 1. Figure 14 shows the results for these simulations.

Figure 14A shows the fault current as a function of fault resistance for a two-string array with a

module leakage of 1 wA (at 500 V). The results are very similar to the simulations without
module leakage. The dashed line indicates where a 1 A fuse would trip. The dotted line

29



indicates the trip point for a 0.1 A fuse. It is interesting to note that for this array, the 1+ fault
current (green) never reaches 1 A, so a fuse of this size would never trip. For a given fault, there
is a general increase in the maximum trip resistance (Rmax™P) as the number of strings
increases, though the effect is sub-linear. Additional discussion of the maximum trip
resistances are presented in section 5.2

Figure 14B and C show similar data for three- and 10-string arrays with 1 wA of leakage current
for each module. This indicates that ground faults in arrays with larger string sizes would be
easier to detect due to the higher current through the fault. The higher currents are from the
other strings backfeeding through the fault path. Figure 14D shows the results of a ground fault
at 1+ for a 10-string array for module leakage values from 1 uA to 1 mA. For most fault
resistances the leakage current has little effect on the GFPD current, so the lines cannot be
resolved. At very low values of Reu, there is a slight dependence of leakage current on GFPD
current.
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Figure 14: Fault current vs. fault resistance for a ground fault at 1+, 4+, and 7+ for a (A) 2-string,
(B) 3-string, and (C) 10-string array with 1 pA of module leakage. (D) shows a ground fault at 1+ of
a 10-string array for a wide variety of module leakage values. There is little difference in the fault
current for different values of module leakage.
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There is almost no GFPD current dependence on module leakage. Figure 15 shows the
relationship between GFPD current and module leakage current for all simulations (ground faults
at 1+, 4+, and 7+ of two-, three-, and 10-string arrays). The value of the GFPD current only
depends on the location of the fault and the number of strings in the array. The fault current
increases as the number of faulted modules or number of strings in the array increase. The value
of Igrpp seems to scale linearly with the number of strings. If the data is normalized by the
number of strings in the array, then the fault current depends principally on the location of the
fault.

GFPD Current vs. Module Leakage Current for Fault to Ground with GFPD Current per string vs. Module Leakage Current for Fault to
Rpuun=0.1 82 Ground with Ry,,,=0.1 2

Module Leakage Current®500V (mA)
M:L-iulc Leakage Current@500V (mA) 00 142 string

4+ 10string
+ 3string &+ 10string
7+ 10string
1+ 10 string ™

0.0 N g - )
.0; b o ) W a4 2string
A5
0 ’ w1+ 2 string = 7+ 2string
=44 Ustring & 10 w——1+ 3 string
< b
¥ oo e — =+ 33t
5 w—1+ 3 string § 1.5 7+ 3string
o
. c
g 150 w— 4+ Istring g 1+ 10 string
& g 20
v 5
o
o
g,
(¢

4+ 10string

7+ 10string

Figure 15: (left) Graph of fault current as a function of module leakage for ground faults at 1+, 4+,
and 7+ in 2-, 3-, and 10-string arrays. There is little dependence on the fault current with module
leakage. The fault current is a function of fault placement and number of strings. (Right) Graph of
fault current as a function of module leakage normalized for number of strings in the array. If the
fault current is normalized by the number of strings, the fault current is only a function of the
location of the faulit.
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5. GROUND FAULT PROTECTION VS. NUISANCE TRIPPING FOR
ARRAYS WITH MORE THAN 10 STRINGS

The simulation of high power arrays is important since utility-scale systems pose the greatest
ground fault fire hazard because of the increased number of failure points (e.g., connectors) and
the higher operating currents. In order to characterize the maximum fault resistance that can be
detected by the GFPD, or Ryip ', as a function of string size, a set of simulations were carried
out for larger arrays.

5.1. SPICE large array model creation

To make these large arrays computationally feasible, the simulation structure of the PV array
was slightly changed. For small (<10 strings) array sizes, the sub-circuit building block for the
array is the PV module, as described earlier. For array sizes larger than 10 strings, a new sub-
circuit was constructed. This new sub-circuit building block is composed of 10 parallel strings,
each string with 7 modules in series. While this larger sub-circuit makes large-scale arrays more
computationally manageable, it sacrifices some of the granularity present in small-scale
simulations. For example, if the sub-circuit building block of the array is a block of 10 strings, it
is not possible to find applied voltage and current sourced from individual modules inside the
sub-circuit.

Simulations were carried out for arrays composed of one- through 201-strings of 7 modules each
with ground faults at 1+, 4+, and 7+ on one string. Each module was simulated with a value of
Lea=1 WA at an applied voltage of 500 V (Rieu=5-10" Q). As in previous simulation sets, the
load resistance is set at Ry, for the array. In this set of simulations, in order to find how Ryip
varies as a function of the number of strings in the array for a 0.1 A and 1 A fuse, the value of
Reauie was varied until Igppp was equal to 0.1 or 1 A. A 0.1 A fuse will trip for any value of Ry
lower than Reyip - (i.e., if Igrpp>0.1 A).

5.2. Detectable and undetectable faults to ground

The results of the simulations for a 0.1 A fuse are shown in Figure 16. The value of Ry for a
0.1 A fuse with a fault at 1+ is indicated by diamonds. The area below this line is colored in
dark gray to indicate that smaller R,y values will blow a 0.1 A fuse. Resistances above this line
do not carry enough current to blow the fuse. Similar results are shown for faults at 4+ (squares,
with Rpue<Ryip  in medium dark gray) and 7+ (triangles, with R<Rgi,  in light gray).
Similar results are shown for a 1 A fuse in Figure 17.
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Figure 16: Ry, as a function of array size with a 0.1 A fuse for faults at 1+, 4+, and 7+.
Diamonds indicate Ry, - for a 0.1 A fuse with a fault at 1+. Detectable fault resistances
(Rraut<Ruip ) are colored in dark gray. Squares indicate Ry;," " for a fault at 4+ with detectable
resistances colored in medium dark gray. Ry, for a fault at 7+ is indicated by triangles and all
detectable resistances are colored light gray.
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Figure 17: Ryip - as a function of array size with a 1 A fuse for faults at 1+, 4+, and 7+. Diamonds
indicate Ry, for a 1 A fuse with a fault at 1+. Detectable fault resistances (Reauit<Ruip ) are
colored in dark gray. Squares indicate Ry, for a fault at 4+ with detectable resistances colored
in medium dark gray. Ry, for a fault at 7+ is indicated by triangles and all detectable
resistances are colored light gray.
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In arrays with more than ~20 strings, the detectable fault resistances for 1 A fuses are
approximately 1/10™ as large as 0.1 A fuses. This means that the 0.1 A fuse is more capable of
detecting high impedance faults. The second trend to be noted from Figure 16 and Figure 17 is
that while ground faults less than ~1000 € tend to divert significant amounts of power from the
load (Figure 7C); they may not all necessarily be detectable through fusing. For example, a 1 A
fuse would be unable to detect a 500 Q fault, regardless of the fault position or the number of
strings. Such a fault would go undetected, sapping power from the inverter for long periods of
time. For a 0.1 A fuse, only a 1000 Q fault at 1+ would go undetected, but would be readily
detected at 4+ and 7+ for all array sizes.

Another interesting trend is the value of Ryip ' increases rapidly for arrays with a small (<10)
number of strings before leveling out for higher (>10) number of strings. This effect is due to
the changing effective resistance, Ry, of the inverter as the number of strings increase. There is
little dependence of array size on Igrpp for large array sizes because the Ry, value remains
relatively constant for larger array sizes. In fact, the only dependence that array size has on
Ryip " is a slight increase due to increased module leakage current. For this array configuration
with a leakage current of 1 uA (at a 500 V module bias) per module, this only yields an
additional GFPD current of 2.75 uA per added string. Such a small additional current will not
substantially affect Ryip , even for large array sizes.

5.3. Array size effect on detectable ground faults

The fact that Ryip  (and therefore Igrpp) is independent of array size for arrays larger than 10
strings indicates that the ability to detect faults does not become easier as strings are added onto
an array. The fact that Ry is nearly linear with respect to array size for small arrays and
independent of array size is a result of the changing R,,,. Array Ry, is a ratio of array voltage to
array current, shown in Eq. (5):

array . Y/ module
Ve M-V oy

module

array _ "mp _
mp Iarray - S.Imodule - S RmP (5)
mp mp

where, S is the number of strings in parallel and M is the number of modules per string. As more
strings are added to the array, array current increases while array voltage stays constant; this
decreases the value of Ry, as shown in Figure 18. Thus, as array size increases and Ry
decreases, more current is diverted away from the fault and flows through the load instead. This
means that a greater percentage of power flows through the load compared to the fault for large
arrays, so a ground fault is less detrimental. However, it also means that ground faults are harder
to detect. However, note that increasing the string size increases R, and faults are more easily
detected through fusing.
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Figure 18: If array size is increased by added strings in parallel, the array R, falls as 1/N, where
N is the number of strings. This lower R, causes a higher percentage of array current to flow

through the ground fault.

5.4. Module leakage effects on detectable ground faults

In order to investigate the effects of leakage current on Igrpp and Ryip ', arrays composed of
two- through 201-strings were simulated with module leakage currents from 1 pA to 1 mA per

module (at 500

V bias). The results for a fault at 4+ with a 1 A fuse are shown in Figure 19. It

can be seen that the value of Ryip  for all traces has an inverse relationship to Ry, (black trace).
The dependence of Ryip on array size also varies considerably with module leakage due to the
addition of module leakage current to the fault current through the GFPD.
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Figure 19: Ry, vs. array size for a 1 A fuse with a fault at 4+ and different modules leakages. In
general, the Ry, and therefore, the Igrpp is inversely proportional to the load resistance (Rpp)
which leads to the different behavior of Ry;," vs. array size for small and large arrays. It can be
seen that Ry, increases with increasing module leakage and array size.
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However, it is common to increase GFPD ratings in larger inverters to mitigate nuisance trips
from leakage currents. Figure 20 shows a graph of GFPD ratings vs. inverter power capability
for a number of inverter manufacturers. GFPD ratings are typically 1 A for inverters smaller
than 10 kW, 2 or 3 A for 10 to 100 kW, and 4 or 5 A for sizes greater than 100 kW. Also plotted
on the graph is the IEC mandated maximum module leakage (40 MQ-m” for a 1.5m* module) as
a function of inverter power assuming the string parameters as discussed in section 2.1. For this
array configuration, the maximum module leakage current is only 28.5 mA for a 491 kW array.
For all inverter sizes, the leakage current is well below 1 A.

The array configuration used in this simulation is of lower voltage (345 V) than typically used in
the most PV installations (~500 V depending on local ambient temperatures). The boost in
voltage resulting from a greater number of modules per string will increase the leakage current
through the GFPD. However, if the number of modules per string is increased to 10 in order to
more accurately describe a real system in extremely cold conditions, the leakage current only
increases by a factor of 1.94. This means that for a system at 600 V, the maximum leakage
current would be 50.7 mA for a 491 kW array. Even this increased leakage current is well below
the trip point of the lowest power inverters and indicates that, regardless of inverter size, GFPD
trip point can be set at 1 A with little risk of nuisance tripping due to leakage current.
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Figure 20: (top) Plot of GFPD trip point vs. rated inverter power for a number of commercially
available inverters. As the inverter power increases, the GFPD trip point also increases.
However, the maximum IEC allowable leakage current (black trace) is well below the GFPD trip
points. (bottom) UL 1741 maximum allowable ground fault trip ranges are also displayed as a
function of inverter DC power rating [18].
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Figure 21 shows the results of GFPD fuse size on Ryip . Array sizes of one- through 25-strings
(0.98 to 24.5kW) are shown with a 1 A fuse. Arrays sizes of 11- through 101-strings (10.8 to 99
kW) were simulated with a 2 A fuse. A 3 A fuse was used in the simulation of arrays from 61-
to 301-strings (59.8 to 295 kW), while a 5 A fuse was used in simulation of arrays from 101- to
301 strings (99 to 295 kW).

500 Rerip™?* vs. Number of Strings for Different Module Leakages for 4+ Fault
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Figure 21: Ry, vs. array size for fault at 4+ with different fuse ratings and module leakages. As
fuse rating is increased, the range of detectable fault resistances decreases. This indicates a
greater probability of undetectable, high-impedance ground faults.

As shown above, the value of Ryip  decreases as fuse ratings increases, since a much higher
current is needed in order to trip the fuse. It should also be noted that module leakage has a
much larger effect on Ryip - for a 1 A fuse than for higher fuse ratings. Figure 22 (left) shows
the dependence of Ry for a 1, 5, and 10 A fuse on module leakage for a 101-string array.
The percent change in Ryip  as module leakage is changed from 1 uA to 1 mA per module
decreases from 40.1% at a fuse rating of 1 A to just 3.1% at an oversized fuse rating of 10 A.
Nuisance tripping due to leakage current is mitigated through the use of higher fuse ratings;
however, this comes at the cost of decreased ground fault detection sensitivity.
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Figure 22: (left) Ry vs leakage current per module fora1 A, 5 A, and 10 A fuse. As the fuse
rating increases, the percent change in Ry, due to leakage current decreases. (right) Total
array leakage current vs. array size for module leakage (at 500 V applied bias) ranging from 1 pA
to 1 mA.

5.5. Undetected faults due to large GFPD ratings

In order to determine optimal fuse sizing for a number of array sizes, simulations were carried
out for faults of constant resistance varying the fault position and array sizes. The first set of
simulations was completed for a 0.01 Q fault at positions 1+ through 7+ with a module leakage
rating of 100 uA/module (Figure 23, left). As can be seen, the GFPD current varies nearly
linearly with regards to array size. The GFPD current is dependent on array size, even for large
arrays because Ry 1s small compared to Rpy,.

For the majority of these faults, the current through the GFPD is so large that any fuse rating
would protect against ground faults. However, the fault at 1+ shows much lower GFPD current
(Figure 23, right). The 1+ fault line is sub-linear with a GFPD current and remains below 5 A.
Two separate, nearly overlapping traces can be seen denoted by 1+. The green trace is Igrpp
without any module leakage while the green trace shows the effect of 100 uA module leakage.
In order to fully protect a PV system from a fault of this type a 0.25 A fuse is needed for a
single-string array (Igrpp=0.34 A). A 0.5 A fuse would be sufficient for arrays from two- to five-
strings (Igrpp=0.572 to 1.08 A). For larger arrays, a 1 A fuse is needed, since the Igrpp current
does not reach 5 A, even for very large array systems. The 1 A fuse trip is well below the
leakage level of 100 uA/module (blue trace), which would be approximately 0.165 A for a 500
kW system. Nuisance trips may be a problem for large leakage currents. A “worst case” leakage
of 1 mA/module (53.3 times the IEC 61215 requirement), shown with the red trace, approaches 1
A for a 300 kW system so, in that case, it may be necessary to move to a larger fuse rating. Note
that in this section the resistance of the GFPD is not considered in the simulations, but it is in
Section 5.7.
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Figure 23: (left) GFPD current vs. array size for 0.01 Q ground faults at various positions. The
GFPD current is nearly linear with respect to array size due to the small fault resistance. (right)
Close-up view of the 2+ and 1+ fault positions. The 1+ fault position has a sub-linear dependence
on array size with little difference between modules exhibiting no leakage (green trace) with those
exhibiting a “nominal” leakage currents of 100 uA/module (red trace). For array sizes above eight
strings, a 1 A fuse would catch such a fault, but nuisance tripping may occur for high leakage
rates, such as 1 mA/module (red trace) for arrays with more than 150 strings. Increasing the fuse
rating to 5 A is not be sufficiently low to trip during a 0.01 Q fault.

Another set of simulations was carried out for a 1 Q fault at positions 1+ through 7+ with
module leakages of 100 uA/module (Figure 24, left). The GFPD current is slightly sub-linear for
faults at these resistances. This is due to the increased fault resistance. For large array sizes, the
fault resistance is now an appreciable percentage of load resistance; so, as the number of strings
increases, the percentage of current through the GFPD stays more constant than for the 0.01 Q
case.

Again, the discussion of this fault case will focus on the 1+ fault, since protection against this
fault includes protection against the other fault positions—excluding “blind spot” faults
discussed in Section 6. Figure 24 (right) shows a blown-up view of the 2+ and 1+ faults. The 1+
fuse current (green denotes no leakage while red denotes 100 wA/module leakage) for the 1 Q
case is smaller GFPD current compared to the 0.01 € case. The curve levels out at high string
numbers around 4 A. To fully protect a PV system from a 1 € fault, it would be recommended
to have a 0.25 A fuse for one-string array (Igrpp=0.34 A), a 0.5 A fuse for arrays from two- to
five-strings (Igrpp=0.566 to 1.05 A), and a 1 A fuse for larger arrays.
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Figure 24: (left) GFPD current vs. array size for 1 Q fault at various positions. The GFPD current is
clearly sub-linear with respect to array size. For large array sizes, the load resistance is small
enough compared to the fault resistance to divert a significant amount of current from the GFPD
through the load. (right) Close-up view of the 2+ and 1+ fault positions. The 1+ fault position has
a sub-linear dependence on array size as seen for the 0.01 Q fault with a smaller slope at large
array sizes. For larger array sizes, a 5 A fuse would be insufficient to catch such a fault, so a
smaller fuse size must be used.

A final set of simulations was carried out for a 25  fault at positions 1+ through 7+ with
module leakages of 100 uA/module (Figure 25, top). The GFPD current is sub-linear for all
faults at this resistance. This is due to the increased fault resistance. The fault resistance is now
smaller than the load resistance for large array sizes so, as the number of strings increases, the
current through the GFPD stays nearly constant while current through the load increases.

Figure 25 (bottom) shows a blown-up view of the 2+ and 1+ faults. The 1+ fault line shows a
clear difference between the no leakage (green trace) vs. “nominal” 100 uA/module leakage (red
trace). The offset for the “nominal” leakage case is due to the leakage current (blue trace). Due
to the increased fault resistance, the GFPD current is lower than either the 0.01 © or 1 Q case. In
order to fully protect a PV system from a 25 Q fault, it would be required to have a 0.25 A fuse
for 1- and 2-string arrays (Igrpp=0.30 and 0.45 A). If there were extremely high module leakage
currents, e.g., | mA (~53.3 times larger than the IEC 61215 requirement for c-Si modules), a 0.5
A fuse would be needed for larger arrays, but almost certainly a 0.25 A fuse would not
experience nuisance tripping from leakage current alone, shown by the 100 uwA blue trace in
Figure 25 (right). A 1 A fuse is too large for this 25 Q fault resistance and would not be
sufficient protection to clear the 1+ fault.
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Figure 25: (top) GFPD current vs. array size for 25 Q fault at various positions. The GFPD current
is highly sub-linear with respect to array size. The load resistance is small compared to the fault
resistance so, as more strings are added, current is diverted from the GFPD through the load.
(bottom) Close-up view of the 2+ and 1+ fault positions. The 1+ fault position has a sub-linear
dependence on array size as seen for the other fault cases with a smaller slope at large array
sizes. For larger array sizes, a 1 A fuse would be insufficient to catch such a fault, so a smaller
fuse size must be used.

It is apparent from the previous figures that GFPD current is highly dependent on fault
resistance. To better understand this relationship, a series of simulations were carried out for
arrays of different sizes with faults (Reu=1 u€ to 1000 Q) at 1+. The results are shown in
Figure 26. Figure 26 shows the GFPD current vs. array size for a 1+ fault of various fault
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resistances for one through 201-strings (left) and one through 21-strings (right). All of the traces
are sub-linear, however, the degree of GFPD current varies widely. For fault resistances close
to a short circuit (Reu=1-10° Q), the GFPD current can be almost 4.5 A. However, for fault
resistances as low as 1 Q, the GFPD current drops to 3.5 A. Ideally, the GFPD rating would be
above the leakage current but below all the potential fault currents. However from a practical
standpoint, making the fuse rating sensitive enough to detect 1 kQ faults (a 0.05 A fuse)
introduces the system to nuisance tripping from transient noise in the system due to inverter
transistor switching, MPPT, anti-islanding pulses, RF and antenna effects, and conducted noise
from the AC side of the inverter. These have been measured in real systems at multiple times the
steady-state leakage current [13]. While the slow-blow GFPD has some immunity to these
transients, GFPDs must be selected to provide robustness to multiple sources of nuisance trips.
Therefore, not all the high-impedance faults will be detectable, but a balance must be struck
between minimizing nuisance trip issues and detecting the largest number of ground faults.
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Figure 26: (left) GFPD current vs. array size for 1+ fault with various resistances. The GFPD
current can vary widely, from 4.5 A for a short circuit to less than 0.5 A for a 75 Q fault. The GFPD
current drops rapidly as fault resistances increases. (right) Close-up of GFPD current vs. array
size for 1+ fault for a single string array through a 21-string array.

Figure 27 shows the GFPD current vs. fault resistance for a single-string (left) and 101-string
array (right) with a 1+ ground fault. GFPD current shows a 1/Rguic dependence for both cases.
A 0.25 A fuse would be sufficient to detect faults below 75 Q, but lower fuse ratings would be
needed to protect against faults with a larger resistance. For the 101-string case, there is a steep
drop in GFPD current for even slight increases in fault resistance above short circuit (0 Q fault).
Lower fuse ratings are needed to protect against these fault resistances. For any faults with
resistances on the order of 10 Q or above, a 1 A fuse may not be small enough to detect a 1+
fault on the 101-string array.
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Figure 27: GFPD current vs. fault resistance for a 1+ fault of a single string (left) and 101-string
(right) array. The GFPD current has a 1/R¢,,; dependence. For the single-string case, the GFPD
current decreases for small increases in Ryt above short circuit. In the 101-string case, the
GFPD current decreases precipitously for even small increases of Ry, above a short circuit.

5.6. Real-life ground fault resistances

Unfortunately, there is little known about the probability or progression of different fault
impedances. With better understanding of the distribution of ground faults resistances, the fuse
ratings could be selected for specific percentiles of protection. Without this knowledge, PV
system designers are left to try to protect for as many fault cases as possible. This said, it stands
to reason that undetectable, high-impedance faults will degrade over time, reducing their
impedance to the point of detection. For this reason, it may not be critical to detect the high-
impedance faults, as the currents produced by the fault in the EGC (equipment grounding
conductors, i.e., racking, ground conductors, etc.) are not sufficient to cause injury and may
eventually become detectable.

Without more experimental information, it is not possible to know what resistances would
normally be seen in a ground fault. Faults could easily range from sub-1 Q resistances (such as
when conduit fittings cut through the cable insulation) to relatively large resistances (such as in
corrosion bridging or insulation damage). However, to ensure faults, especially those occurring
at 1+, are diagnosed immediately, the fuse size of GFPD should be kept low. While this
increases the fault detection window, it makes the array more susceptible to nuisance tripping.
Therefore, to fully protect PV arrays during humid and wet conditions while reducing nuisance
tripping, a carefully selected fuse above the wet leakage current of the array must be employed.
Reducing the fuse ratings would improve protection against the wide variety of possible ground
faults.

5.7. Reducing GFPD fuse ratings reduces fault protection sensitivity
In the ideal case, fuse ratings could be decreased freely without affecting the GFPD current.

However, in reality, fuse impedance is correlated to fuse rating. Figure 28 shows a graph of fuse
resistance vs. fuse rating for a number of 10x38mm style fuses from a variety of manufacturers.
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The resistance of the fuse is inversely proportional to the fuse rating so fuses with low ratings
can have significant resistances. For example, the Littelfuse KLKD fuse has a resistance of 85.5

Q for a 0.1 A fuse. Such large resistances can have significant effects on the GFPD current and
fuse resistance must be balanced with fuse trip point in order to maximize GFPD fault detection
capabilities.
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Figure 28: GFPD resistance vs. rating for a variety of 10x38 mm (“midget”) fuses by various PV
fuse manufacturers. In general, the more sensitive the fuse, the higher the intrinsic resistance
[10, 19-25].

Table 2: KLKD fuse resistance and trip points used in SPICE simulations [10].

Fuse rating Fuse Resistance (Q)
5 0.0363
2 0.124
1 0.252
0.5 8.16
0.25 22.0
0.1 85.5

In order to investigate the effect of GFPD resistance on GFPD current, a 1+ ground fault was
simulated with fault resistances of 0.1, 1, and 25 Q on array sizes ranging from one to 301-
strings. GFPD resistances and ratings were taken from the Littelfuse KLKD datasheet (Table 2).
Figure 29 shows the results of these simulations. The left graph shows the data for fault
resistances of 0.1 (dashed trace) and 1 Q (dotted trace) with colors indicating fuse trip point.
The solid traces indicate GFPD current at the fuse trip point.

As can be seen from Figure 29, when the fuse rating decreases (and GFPD resistance increases),
the GFPD current decreases for a given value of Reui. The GFPD current never increases above
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5 A, so a5 A fuse (orange) would not trip. All of the other fuse ratings (2 A, 1 A, 0.5 A, 0.25 A,
and 0.1 A) would trip under these fault conditions. However, if the fault resistance is increased
to 25 Q (Figure 29, bottom), the GFPD current is less than 1 A for all fuse ratings. In this case,
only the 0.5 A, 0.25 A, and 0.1 A fuses would trip. This indicates that, even taking into account
fuse resistance; it is advantageous to move to sub-1 A GFPD ratings in order to detect higher
impedance faults. The module leakage (black trace) is defined by a module leakage of 100 uA
per module (5.3 times the maximum allowable IEC leakage for a 1.5 m* module).
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with Various GFPD Fuse Ratings

5.0
=-==GFPD=0.1A Reue =0.1Q
45 mememem == TSI IC""=GFPD=0.25A R;,,, =0.1Q
IS S I e ~=-GFPD=05A R, =01Q
40 mmmEEE T I I -=-GFPD=1A R, =0.1Q
o --=GFPD=2A R, =0.1Q
35 TS e ~--GFPD=5AR,,,=0.1Q

——Module Leakage

= o
3.0 O -
£ K GFPD=0.1A R, =1Q
§ 25 ,".-- ------ GFPD = 0.25 A Ry = 19
2 s GFPD=05AR,,, =1Q
%50 g 2AFuse e GFPD=1A Ry =19
- [
e emmmmmmmmmmmmmmmmmmmmes GFPD=2A R, =1Q
15 { f _oz=mmans GFPD=5A Ry =1Q
] ”
ve
1.0 fife———mw 1AFuse
¥ o
7’
0. LI oI
—_ 0.25 A Fuse
0.0 0.1 AFuse
1 51 101 151 201 251 301
Number of Strings
GFPD Current vs. Array Size for 25Q2 Ground Faults with Various
0 GFPD Fuse Ratings 1A Fuse
canse sas
......... ceeamssases
09 1 ceeeseseseTTE -=-GFPD=0.1A Ry, =25Q
o ---GFPD=0.25A R, =25Q
08 7 emmemmmmmmmmT T GFPD=0.5A R;y =25 Q
I memmmmmmm—=moTTTTTTTT ===GFPD=1A Ry =25Q
07 1 o7 ~==GFPD =2 A Rp =25Q
i ~--GFPD=5A R, =25Q

——Module Leakage

o
)}

-

GFPD Current (A)
o
wv

°
'S

-

0.3 4,
¥ 0.25 A Fuse
)
0.2
01 0.1 A Fuse
0.0 //
1 51 101 201 251 301

151
Number of Strings

Figure 29: (top) GFPD current vs. array size for a 1+ ground fault with GFPDs of various
resistances. As GFPD rating decreases (resistance increases) the GFPD current decreases. For
0.1 or 1 Q faults, only the 5 A GFPD would not trip. (bottom) However, if the fault resistance is
increased to 25 Q, only the sub-1 A GFPDs would trip. This indicates that even though small fuse
ratings have higher resistances, they still have greater detection capabilities for 1+ faults.
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5.8. Influence of Overcurrent Protection on Large Systems

Another undetectable fault can exist in PV systems if the overcurrent protection device (OCPD)
is less than the GFPD. In this case the OCPD clears before the GFPD has a chance to shut down
the inverter and the fault is sustained indefinitely.

NEC 690.9 requires overcurrent protection for PV circuits in order to prevent conductors from
exceeded their rated ampacity and starting fires. This could occur if the backfed current exceeds
the current-carrying capacity of the conductors. In the case of systems with three or more
strings, overcurrent fuses are required for each of the strings and typically selected to be the next
highest fuse rating above 1.56-I. (125% of the string current, defined as 125% of the module
short circuit current), or a 4 A OCPD fuse for the simulated strings in this document. Thus, for
cases where the GFPD is rated for 5 A, it is possible the backfed current will clear the OCPD
before the GFPD. At this point, the fault path is no longer being fed with the other strings, but
there is still a fault path through the GFPD.

Figure 30 shows a 101-string array with a 0.1 Q fault at 2+ of string 1. Prior to a protection
device trip, 32.8 A flows through the GFPD and 30.3 A flows through the OCPD. The un-
faulted modules (A) have been moved off MPP towards the short circuit condition. The modules
above the fault in the faulted string (B) have been moved to voltages much higher than V. to
accommodate the backfed current. Modules below the fault (C) are very near the short circuit
condition.

If the OCPD possesses a smaller rating than the GFPD, it is possible for the OCPD to open
before the GFPD, even though more current flows through the GFPD (Igrpp=locpptlsc). Which
fuse will clear is dependent on the characteristic time-current curve of the device. If 4 and 5 A
Littelfuse KLKD fuses are used in the OCPD and GFPD, respectively, 30.3 A through the OCPD
will cause the smaller fuse to trip after 0.03 s, while the 32.8 A through the GFPD will not trip
the fuse until 0.04 s.  This time difference between fuse clearing events introduces the
possibility of the OCPD fuse clearing before the GFPD fuse.

The case where the OCPD clears before the GFPD is shown in Figure 31 and could lead to a
persistent, un-cleared fault condition. In this case, the OCPD trips due to the 30.3 A of current
flow through the string, eliminating the backfed current through the faulted string. When the
OCPD clears, the operation point of the un-faulted strings (A) moves towards MPP. The
operation point is not quite at MPP because the inverter impedance is set to 101, not 100, strings
in the simulation. The modules above the fault (B) are effectively at V.. while the modules
below the fault (C) are effectively short-circuited. These short-circuited modules continue to
source current through the fault and the GFPD, though the magnitude of the current is equal to
Ii. Since this new fault current is much less than the GFPD trip point, the fault will persist.
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Figure 30: Example of a low resistance ground fault at 2+ in a 101-string array. The modules in
the unfaulted strings (A) have moved off MPP towards short circuit. The unfauled strings
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Figure 31: Example of a ground fault that clears the OCPD but not the GFPD because the ground
fault fuse has a higher rating than the overcurrent fuse. After the OCPD clears the fault remains
energized and undetected.
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This case illustrates the care that must be taken when designing the GFPD. In section 5, it was
demonstrated that IEC-compliant module leakage would not cause nuisance tripping, even for
GFPD ratings as low as 1 A in 100 kW systems. The case where the OCPD clears before the
GFPD indicates that:

* asmall (less than string Isc) GFPD rating should be used, and

* the characteristic clear time of the GFPD should be less than the OCPD.
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6. DETECTION OF “BLIND SPOT GROUND” FAULTS WITH GFPDS

Recently, a detection limit, or “blind spot,” in traditional ground fault protection systems has
been identified for the DC-grounded, AC-isolated PV systems, most common in the United
States [17]. This blind spot occurs when the grounded current-carrying conductor (CCC) is
faulted to the equipment grounding conductor (EGC) as shown in Figure 32.
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A
Wy

Combiner Box

Module Operation Points for Various Array
Sizes After 0.1 Q Negative CCC Ground Fault
with 0.1 A GFPD Fuse
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Figure 32: Schematic for an array with parasitic impedances measured from a fielded system and
non-zero GFPD impedance. The teal line denotes the leakage current path. The path of the ground
fault on the negative CCC is denoted in red.

These faults may produce small fault currents that can go undetected by GFPDs. The danger of
undetected ground faults in the EGC is twofold:

1. an energized EGC can be a shock hazard, resulting in severe injury; and

2. if there is a second ground fault, the array can be shorted though the EGC, bypassing the
GFPD and allowing fault current to flow undetected through the system with no means of
interruption.

The fires presented in [1, 26] have highlighted the incomplete protection provided by ground
fault fuses in grounded arrays in the United States. Field experiments have confirmed the
existence of the ground fault blind spot in grounded systems [13]. However in ungrounded, non-
isolated, and hybrid systems the ground fault blind spot does not exist.

In this study, we develop an analytical and numerical SPICE model for PV systems that have a
ground fault between the grounded CCC to the EGC. These models are used to perform electrical
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simulations of faults occurring on arrays of various sizes (representing residential, commercial,
and utility scale systems) with different fault, cabling, and GFPD impedances.

6.1. Conductor resistances in PV arrays

To model current flow during a ground fault, the internal resistances of the conductors and the
GFPD must be included because the current division between the fault path and the intended
conduction path is heavily dependent on small internal resistances. In the ideal case, fuse ratings
could be decreased freely without affecting the GFPD current. However, in reality, fuse
impedance changes with fuse ampere rating (Figure 28). UL 1741 [18] mandates the maximum
sizing of these protection devices based on the array size, as shown in Figure 20. The resistance
of the fuse is inversely related to the fuse rating. Fuses with low trip ratings can have significant
resistances. For example, the 0.1 ampere (A) Littelfuse KLKD fuse has a resistance of 85.5 Q.
Such large resistances have significant effects on the GFPD current during a fault and fuse
resistance must be balanced with fuse trip point in order to maximize GFPD fault detection
capabilities. As will be seen below, this effect is much more severe in blind spot faults than to
ground faults to 1+ through 7+, shown in Section 5.7.

GFPD impedance means that the grounded CCC (typically the negative conductor) is no longer
at ground potential, but instead functionally grounded by the fuse. When a fuse with internal
resistance is included in the model of a PV system, the conductor is at a voltage above ground
potential, which introduces the possibility of ground faults from the grounded CCC through the
EGC.

6.2. SPICE simulations with parasitic cable/fuse impedances

A new SPICE model was created with the internal resistance of the conductors and GFPD fusing,
as shown in Figure 32, in order to investigate ground faults involving the grounded CCC. As in
previous simulations, each string was composed of seven modules having a leakage current to
ground determined by Rjeax (“nominal” leakage chosen to be 100 wA/module at 500 V bias).
Array sizes of one to 201 strings were simulated with each DC home run cable from the PV to
the combiner box totaling 0.25 Q (~80 ft of coated copper 12 AWG cabling). Prior to each
string being combined, the positive DC cable was connected to an OCPD with 0.077 Q
resistance (4 A fuse rated for 1.56-Is). The combiner box was connected to the inverter through
cabling with an impedance of 0.00165 Q (~50 ft of coated copper 400 kcmil cabling). The
ground fault was modeled by a resistor connected from the negative CCC to ground through the
0.045 Q EGC (determined from field measurements [13]). On the faulted string in Figure 32, the
PV cabling resistance was split by the fault. This was done so that, by altering the resistance
before and after the fault, the position of the fault in the PV cabling could be varied. The value
of the inverter resistor was set to the max power point of the unfaulted array. The negative
inverter connection was connected to ground through the GFPD.
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In the fault condition shown in Figure 32, the operating points of the modules do not move from
MPP due to the blind spot fault. It should be noted that the fault current is in the opposite
direction of the leakage current, shown in Figure 33. This indicates that in arrays with large
leakage currents, it is more difficult for the GFPD to detect a blind spot ground fault because the
fault current must first reverse the leakage current. Note that for these simulations—as before—
the current sign convention is such that current through the GFPD from EGC to grounded CCC
is taken to be positive.
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Figure 33: Graph of GFPD current vs. time for a SPICE simulation of a fault from the negative CCC
to ground. The array is faulted at 0.02 seconds. Before the fault, leakage current flows from
ground to the negative CCC through the GFPD. After the fault, current flows through the GFPD in
the opposite direction.

6.3. Analytical solution to “blind spot” ground fault currents

Through circuit analysis, the GFPD current can be shown to be a function of the module
maximum power current (Inp), number of strings (C), wiring resistance (Rcomb, Rece, etc),
resistance of the faulted portion of the PV cabling (Ry), fault resistance (Reuir), GFPD resistance
(Rgrpp), and the array leakage current (Ijeax).

The circuit diagram in Figure 34 shows the current paths for a single string that has a fault in the
grounded negative CCC at some point in the PV cabling. The fault bisects the PV cable at some
arbitrary point and acts as voltage divider. Ry denotes the resistance of the PV cabling included
in the fault loop, while Ry denotes the portion of PV cabling resistance that is not included in the
fault loop. The sum of Ry and Ry is equal to Rpy and the ratio of the two resistances is equal to
the percentage of PV cabling that is faulted.
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Figure 34: Circuit diagram of negative CCC fault with a single string at an a-l_;'bitrary point in the
negative PV cabling. The ratio of R, and R, indicates the percentage of PV cabling faulted.
Resistances and currents used in Kirchoff’s Voltage Law equations are shown.

The inset graph in Figure 32 shows the module operating point for various array sizes after the
fault. The location of the PV modules on their IV curve is nearly unchanged due to the blind spot
fault, so the string current is treated as constant in the following analytical analysis. By
Kirchoff’s Current Law (KCL), current is conserved at circuit junctions. Also, by Kirchoff’s
Voltage Law (KVL), the sum of voltages in a closed loop is always equal to zero:

SV, =0 ©)
k=1

This implies that the voltage drop between points A and B is equivalent regardless of the current
path. By Ohm’s Law, the voltage drop between A and B can be written as:

AVA,B =1L epp (RGFPD + Ryge + Rfault) = (I - IGFPD) ) (Rcr)mb + Rx) (7

By distributing and refactoring in terms of I and Igrpp and solving for Igrpp, Equation (7) can be
written as:

I (Rcomb + Rx )
(RGFPD + REGC + Rfau]t +R

®)

1 GFPD =
comb

+Rx)

As shown in the simulations previously, the operating point of the modules on the IV curve are
nearly unaltered during a negative CCC ground fault. Therefore:

=1 ©)

mp

and,
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L, -(R

+R

EGC

com

,+R,)
+Rﬁmh +R +RX)

comb

R (10)

Loppp = (

GFPD
Next, consider the case of a negative CCC fault with multiple strings. Figure 35 shows a circuit
schematic for an array composed of multiple strings with a negative CCC fault at a single string.
The module symbol on the left indicates a single string while the module symbol on the right is a
stand-in for (C-1) parallel strings. This is a slightly more complicated problem because this fault
diverts current away from the negative CCC path (I;) through the unfaulted strings (I7).

l Ry Rx | 1)1 Rcomb
Retautt T IgrPD
A

Figure 35: Circuit diagram of negative CCC fault of an array with a number (C)?of parallel strings
and a fault at some arbitrary point in the negative PV cabling. The ratio of R, and R, indicates the
percentage of PV cabling faulted. Resistances and currents used in KVL equations are shown.
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The results of KVL circuit analysis on this circuit are similar to Equation (8) and the GFPD
current can be described by:

(I _IGFPD) "Ry + 11 R, = Ippp '(RGFPD + Ry + Rfault) (11)

As in the previous derivations, it is fortuitous that the module operating points do not change due
to the negative CCC fault. Because of this, the current through the strings is the same before and
after the fault and I, I;, and I, can be described by:

(12)
I1=C-1,,

II+IGFPD=Imp (13)

This allows Equation (11) to be rewritten as:
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(C A, - IGFPD) R + (Imp - IGFPD) R, =Ty (RGFPD + Ryge + Rfaulz) (14)
Finally, by regrouping terms and solving for Igrpp, Equation (14) can be reduced to:

]mp .(C.Rcomb +Rx)

(RGFPD + REGC + Rfault + Rcomb + Rx )

(15)

1 GFPD =

The circuit schematic depicted in Figure 35 is the type of circuit used in the simulations.
However, it is usually only representative for <50 string arrays because larger arrays often
contain recombiners, shown in Figure 36. Groups of strings are wired together into a combiner
box and then recombined before being connected to the inverter.
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Figure 36: Circuit diagram of negative CCC fault of an array with a number (C) of multiple parallel
strings, which are wired into a combiner box. D combiner boxes outputs are then wired into a
recombiner box. A fault occurs at some arbitrary point in the negative PV cabling of a string. The
ratio of R, and R, indicates the percentage of PV cabling faulted. Resistances and currents used
in KVL equations are shown.

In this case, the KVL can be described by:

Loppp " R

GFPD

+1 R

EGC

+1

GFP.

fault =

(I_IGFPD)'Rrecomb +[I_IGFPD _(D_l)'c'lz]'Rcomb +[I_IGFPD _(D_l)'c'lz]'Rx

GFPD

(16)

This equation can be simplified because the strings remain at their maximum power by:
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I-D-C-I, (17)
12 =Imp

So that Equation (16) can be simplified to:

1 RGFPD"'REGC"'Rfauz;)=(D'C'Imp_IGFPD)'R

recomb

+[C1,,-1

mp — LGFPD ] )

Rcomb +(Imp - IGFPD).RX (18)

GFPD (
Finally, the GFPD current can be found by simplifying and grouping to be:

I _ Imp[D'C'Rrecomb-i-C'Rcomb+Rx] 19
o RGFPD + REGC + R fe + Rrecomb + Rx ( )

‘ault

A simple check shows that if the number of combiner boxes per recombiner box is chosen as one
or the recombiner resistance is set to zero, Equation (19) reduces to Equation (15).

For the more complicated array shown in Figure 36, there are three possible positions for a fault.
The equation for a fault at some point in the string conductor between the array and the combiner
is shown in Equation (19). A fault at the combiner means that Ry becomes zero and Reomp 1S
redefined as Ry and R, to give a GFPD current of:

I _ Imp(D.C.Rrecomb-l-C.Rx) (20)
GFPD ~—
RGFPD + REGC + Rﬁmlt + R + R

recomb X

This equation is further simplified for the case of a fault at the recombiner cabling. In this case,
R, and Reomp are both zero in Equation (19) and Ryecoms 18 redefined as R, and R, to give a GFPD
current equivalent to:

D-C-1I, R,

RGFPD + REGC + Rfault + Rx

Loppp = Q1)

The previous circuit analyses have all been carried out for perfect arrays. However, PV arrays
have leakage currents. In the case of ground faults at the negative CCC, the leakage current flows
in the opposition direction of the fault current (see, for example, Figure 37).
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Figure 37: Circuit diagram of negative CCC fault of an array with leakage current. Resistances
and currents used in KVL equations are shown.

The KVL analysis of the circuit between points A and B can be described by:

(I + Ileak - Ifault) : Rmz:omh + (I + [leak - If

a

ult _(D_I)CIZ)'Rcomb +(1+Ilcak_1fault _(D_I)CIZ _(C_I)IZ)R

X

() R+~ L) e+ B -
Again, the modules are at maximum power so they can be described by:
I=D-C-I, (23)
I 2 = ! mp
So Equation (23) can be inserted into Equation (22):
(D-C1, + L =1y ) R +(DC 1, 4 1y =1y =D C 1, +C 1, ) Ry + (1, = + Lo ) R,
= L (Rorow + R + Rpuir) = Lo (Reern + Reae) 9
And solving for Iguy:
Iﬁmlt _ 1 mp (D "CR,oms tC- R, + R, ) + (Rrecomb +R.,p + R+ Roppp + REGC) (25)

(RGFPD + REGC + R fault + Rrecomb + Rcomb + Rx)

The GFPD current is the difference in the fault and leakage currents (and, by convention in these
simulations, gy is taken to be negative), so Iy can be transformed into Igepp by:
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1 GFPD = 1 leak — 1 fault (26)

Finally, Equation (25) can be solved in terms of Igppp by substituting Equation (26) into
Equation (25):

1, -(D-C-R

recomb

(RGFPD + REGC + Rfault +R

recomb

+C'R

comb

+Rx)+lleak (R

recomb

+R

comb

+ Rcz)mb + Rx + RGFPD + REGC)

! +Rx)

Sfault = Ileak -

27)

In the simulations, the recombiner topology is not used (D=1, Ryecomb=0 2), so the equation for
Igrpp shown as Equation (27) becomes:

1,-(C-R

mp

+Rx)+lleak .(R

comb

+R +Rippp + REGC)
b, t Rx)

comb

1

(28)

=] -
GFPD leak
(RGFPD + REGC + Rfault + R

com

6.4. Simulation results

For the purposes of this work, the one-diode model is constructed to approximate a nearly perfect
photovoltaic module. The current source is set to supply 2.5 A at short circuit, the diode has an
ideality factor of N=80, the shunt resistance is set 1-10*° Q and the series resistance is set to 10
mQ. This module gives an IV curve with I, of 2.5 A, V. of 56 V, and Py, of 118 W. The MPP
has a current of I,,=2.4 A and a voltage of V,,=49.2 V. These values were chosen to
approximate the operation of modules in a 600 V array at Sandia’s Distributed Energy Testing
Laboratory on a summer day.

The model of a PV array is composed of a number of strings in parallel (as many as 201). Each
string is composed of seven modules in series. Each module is connected to a bypass diode
(Isa=4.7- 1012 A, N=1). The array is wired to a resistor, as a basic approximation of the real input
impedance of an inverter. The resistance connected to the array in all the simulations is set at the
resistance required to generate maximum PV power, Ry, of the unfaulted array.

The SPICE model was created with the internal resistance of the conductors and GFPD fusing, as
shown in Figure 32 in order to investigate ground faults involving the negative CCC. Arrays
were simulated with each DC home run cable from the PV to the combiner box totaling 0.25 Q
(~80 feet of coated copper 12 American wire gauge (AWG) cabling at 3.125 mQ/ft). Prior to
each string being combined, the positive DC cable is connected to an overcurrent protection
device with 0.077 Q resistance (4 A KLKD Littelfuse [10] rated for 1.56-I;). The combiner box
is connected to the inverter through cabling with an impedance of 0.00165 Q (~50 feet of coated
copper 400 circular mil (kcmil) cabling at 0.033 m€2/foot). The ground fault is modeled by a
resistor connected from the negative CCC to ground through the 0.041 Q EGC (determined from
field measurements [13]). On the faulted string in Figure 32, the PV cabling resistance is split by
the fault. This was done so that, by altering the resistance before and after the fault, the position
of the fault in the PV cabling could be varied. The value of the inverter resistor is set to the MPP
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of the unfaulted array. The negative inverter connection is connected to ground through the
GFPD.

To investigate the effect of GFPD resistance on fault current, simulations were carried out
for GFPD resistances of 85.5, 22, 8.16, 0.252, 0.124, and 0.0363 Q (LittelFuse KLKD
resistances for 0.1, 0.25, 0.5, 1, 2, and 5 A fuses [10], respectively) with fault resistances of
0.1, 1, and 25 Q. Figure 38 shows the results of the simulations for 1, 2, and 5 A GFPD fuses
and fault resistances of 0.1 and 1 Q. Simulations witha 1 A (0.252 Q), 2 A (0.125 Q), and 5
A (0.0363 Q2) are shown as red, purple, and orange points, respectively. Triangles indicate a
fault resistance of 0.1 Q while circles represent a 1 Q resistance. Solid lines at 1, 2,and 5 A
denote the fuse ratings with color corresponding to the fuse trip point. The GFPD current
calculated by Equation (28) is denoted by a dashed line for each set of fuse and fault
resistances.

GFPD Current vs. Array Size for Faults Resistances of 0.1 and 1 Q
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Figure 38: Graph of GFPD current vs. array size for various GFPD and fault resistances. The color
of the line indicates GFPD resistance. Red traces denote 1 A (0.252 Q), while purple and orange
traces denote 2 A (0.124 Q), and 5 A (0.0363 Q), respectively. Only the 1 A and 2 A fuses are
sensitive enough to trip due to the blind spot fault. The range in which Igepp is larger than the trip
point is colored in gray.

The GFPD current is linear with the number of strings for all GFPD fuse ratings and fault
resistances. Also, for all arrays up to 201 strings, only the 1 A and 2 A GFPDs (at fault resistance
of 0.1 Q) provide enough GFPD current to trip the fuse (colored regions denote where
Ltaue>lgrpp). The 1 A GFPD only detects the ground fault in arrays larger than 56 strings while
the 2 A GFPD detects faults in arrays larger than 124 strings. The orange traces do not reach 5 A
even for 201 strings, so a 5 A GFPD would not trip for a blind spot ground fault of 0.1 or 1 Q.

It is tempting to believe that decreasing the fuse rating will increase the number of detectable
blind spot faults. However, the decrease in trip point is more than offset by the increased GFPD
resistance, so fuses with low ratings will detect fewer blind spots. Figure 39 shows the
simulation results for 0.1 (green), 0.25 (purple), and 0.5 A (blue) GFPD fuse ratings at R,y of
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0.1 and 1 Q. In each case, due to the increase fuse resistance, the GFPD current is far too small
to trip the fuses.

GFPD Current vs. Array Size for Faults Resistances of 0.1 and 1 Q
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Figure 39: Graph of GFPD current vs. array size for various GFPD and fault resistances. The color
of the line indicates GFPD resistance. Green traces denote 0.1 A (85.5 Q), while purple and blue
traces denote 0.25 A (22 Q), and 0.5 A (8.16 Q), respectively. Even though the fuses have low trip
points, due to the increased fuse resistance, the GFPD current is below the fuse trip point and the
blind spot window is increased.

Table 3 summarizes the simulation results for GFPD current at different fault resistance and fuse
ratings. The color of the cell denotes whether it is possible to detect a blind spot fault. Only the 1
A and 2 A fuses at Reu=0.1 Q have the combination of low trip point and low fuse resistance
needed to detect the blind spot fault for large array sizes (more than 56 and 124 strings,
respectively). Thus, to limit the size of the blind spot, fuse rating and fuse resistance must both
be considered and optimized.
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Table 3: GFPD current for various fault resistances and fuse ratings. The color of the cell
indicates if a blind spot fault is detectable. Only the 1 A and 2 A fuses (at Rs,,1=0.1 Q) have both a
low enough trip point and a low enough resistance to detect the blind spot fault for array sizes
above 56 and 124 strings, respectively.

Min Number of Strings to Detect Fault
(0.98 kW/string)

Fuse (A) | Rpuy (Q) Irep (A)

0.1
0.1 1
25
0.1
0.25 1
25
0.1
0.5 1
25
0.1
1 1
25
0.1
2 1
25
0.1
5 1
25

6.5. GFPD current during high-impedance blind spot ground faults

Based on the previous results, one may expect that the direction of the GFPD current could
indicate blind spot ground faults, but this is not failsafe. Figure 40 (left) shows the GFPD
current for 0.1, 0.25, and 0.5 A GFPD fuses for Rpy=25 Q. In these simulations, there are two
opposing currents through the GFPD: (1) the positive current from the array leakage, and (2) the
negative current from the fault. For larger fault resistances, the current through the GFPD does
not switch direction for larger arrays because the backfed fault current is smaller than the leakage
current for large arrays. In other words, the leakage current per additional string is larger than the
fault current per additional string. Figure 40 (right) shows this current contribution per string for
module leakage and fault current as a function of fault resistance. For a 1 A GFPD with a 15 Q
or larger fault, the module leakage increases faster than fault current, so, for larger arrays, the
GFPD current will not reverse direction.
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Figure 40: (left) Graph of GFPD current vs. array size for fault resistance of 25 Q. The direction of
the GFPD current will not change at an array size of 105 strings or larger, because for large Rsaui
values and large array sizes, the leakage current is larger than the fault current. (right) Graph of
current per string as a function of fault resistance with l,..,x=100 pA/module and RGFPD=0.252 Q.
For fault resistances of more than 15 Q, the module leakage is larger than fault current, indicating
that, as array size increases, the GFPD current will not reverse.

Figure 41 shows the circuit schematic for a 25 Q fault resistance for array sizes of one, 101, and
201 strings. For a one-string array, the fault current is a hundred times larger than the leakage
current. For a 101-string array, the leakage current and fault currents are approximately equal, so
the GFPD current is nearly zero. For a 201-string array, the leakage current is larger than the
fault current, and the GFPD current does not reverse direction.

These results indicate that for residential and smaller commercial-scale arrays, it would be
possible to detect a blind spot fault by monitoring the direction of GFPD current. To determine
the range of fault resistances that could be detected using this technique, simulations were
performed for different array sizes varying Rpur. As fault resistance increases, the array size
decreases for which there is a GFPD current reversal. Figure 42 shows the value of GFPD
current vs. fault resistance for array sizes of eight, 21, 51, 101, and 201 strings with a 0.252 Q (1
A) GFPD. The inset shows the crossover points. The fault resistance crossover point for larger
array sizes is at a smaller Rg,ye due to the large amount of leakage current. For example, for an
eight-string array, due to the smaller array size, the crossover would be at more than Rg,=110
Q, but the 201-string array could only detect the blind spot using a change in GFPD current if the
fault is less than about 20 Q.
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Figure 41: Three circuit schematics illustrating the reversal of GFPD current as array size
increases. (top left) Circuit schematic of a one-string array with le,k<lsauit (top right), (bottom) 101-
string array with lje,k=ltayit, and 201-string array with Lga>leau-
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05 GFPD Current vs. Fault Resistance for Various Array Sizes
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Figure 42: GFPD current as a function of fault resistance for various array sizes. The inset shows
the crossover points for each array size.

6.6. Parametric study of GFPD current

As is apparent from Equation (27), the value of GFPD current is dependent on a number of
parameters including number of strings (C), combiner cabling resistance (Rcomb), resistance of
the faulted section of PV cabling (Ry), GFPD resistance (Rgrpp), EGC resistance (Rggc), and
fault resistance (Rgyr). In this section, a study of GFPD current is carried out by varying these
system resistances across ranges denoted by Table 4. By determining how GFPD current varies
with other parameters, it may be possible for system designers to decrease the blind spot window
by maximizing GFPD current.

Table 4: Nominal and extreme values of the parametric resistance studies. A parametric analysis
was completed for each parameter for the range of resistances listed below.

Parameter | Nominal Value () Low Value () % Nominal High Value () % Nominal
Rpaune - 0 - 10 -
Rgerp 0.252 0.01 3.97 100 39,682
Rege 0.041 0.001 2.44 10 24,390

R, 0.125 (40 fi) 0.002 (0.64 ft) 1.60 10 (3.200 ft) 8,000
Reoms 0.00165 (50 ft) 1-10°(0.30 ft) 0.61 0.3 (9,090 fi) 18,182

Figure 43 shows the results of the parametric analysis for GFPD current as a function of string
number (upper left), and fault resistance (upper right), EGC resistance (lower left), and GFPD
resistance (lower right) for a 101-string array. The blue line indicates the analytical solution
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presented in Equation (27) while the black dots indicate the results of the SPICE simulation. The
variables used in the simulation are listed in the corresponding graph. There is excellent
correlation between the analytical equation and the SPICE simulations for this set of parametric
analyses.
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Figure 43: Comparison of analytical equation (blue trace) and SPICE simulations (black dots) for
GFPD current as a function of other parasitic resistances. (upper left) GFPD current vs. number
of strings in array. (upper right) GFPD current as a function of fault resistance. (lower left) GFPD
current vs. EGC resistance. (lower right) GFPD current as a function of GFPD resistance. Green
points indicate intrinsic resistance of KLKD “midget” fuses of various sizes from 0.1 to 2 A. For
each graph, the variables used in the SPICE simulations are listed on each graph. In each set of
simulations, the simulation results match well with the expected analytical solution.

Figure 44 (left) shows the parametric test results of GFPD current as a function of the faulted PV
cabling resistance (Ry). For the PV cabling resistance, the SPICE simulations follow the
analytical solution quite closely for small resistances. However, as the PV cabling resistance
increases to values in the multiple ohm range, the simulation results are slightly smaller than
expected. This is due to an assumption during the derivation of the analytical equation that each
string stays at MPP. While this assumption is true for the majority of resistances, it may not hold
true as the cabling resistance increases.
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Figure 44 (right) shows the array voltage as a function of resistance changes. As the value of
Reaut, Rege, and Rgppp change, there is a small impact on the array voltage (less than 0.5 V), so
the simulation and analytical results match well. The assumption that each string stays at MPP
does not hold as well when Ry changes, so there is a larger effect on the array voltage (black dots
and blue crosses). As the value of Ry approaches 10 €, the faulted string voltage changes by as
much as 2 V. This small change in operation voltage is enough to cause the slight GFPD current
mismatch between the simulation and analytical solutions.

GFPD Current vs. PV Cable Resistance for Blind Spot Fault Array Voltage vs. Cabling Resistance Change for 101-string array
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Figure 44: (left) GFPD current vs. PV cabling resistance of faulted string as determined through
calculation of the analytical solution (blue trace) and SPICE simulations (black dots). The results
match well for small resistances, but diverge slightly as R, increases. This is due to the fact that
as R, increases, the operating voltage of the faulted string (right) can no longer be assumed to be

at Vp,, both before and after the fault.

The mismatch between simulation results and the analytical solution is similar for combiner
cabling impedance changes (Figure 45). As the combiner cabling impedance increases to an
appreciable fraction of the inverter impedance, the assumption that the array stays at MPP after
the fault is no longer valid (Figure 45, right). This disruptive effect of the cabling impedance on
the array voltage is much larger for large arrays because the inverter impedance is so low. This
means even for small combiner cabling resistances, the array cannot be assumed to stay at MPP.
Because smaller arrays have larger inverter impedances, the assumption holds for much larger
cable impedances. As a result, the analytical solution is much closer to the simulation results as
the array size decreases (Figure 46).

67



lareo (A)

lereo (A)

GFPD Current vs. Combiner Resistance for Blind Spot Fault Array Voltage vs. Combiner Cable Resistance

Combiner Cable Length (ft) Combiner Cable Length (ft)
4,000 5,000

0 1,000 2,000 3,000 6,000 7,000 8,000 9,000

o 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000
350
345
-10 — Calculated I P E v e 0000004
H LI
340 s ¢ s 0 0
o Simulated Ig;p M Y
20 ;335
@ 330
e}
30 g
> ! 24A
z g
I H 320 per string 275 1A
- L
-0 Ly 315 1 |C 101
M Ry Variable Q = 101-string
R 310 - | R, 0.125Q . .
0 R, ! Repen 02520 21-string
R 02 R, 0041 Q i
Rige 0.041Q 305 Rm‘ o 2-string
o
Reur e 300
-60 0.00 005 0.10 015 0.20 025 030
0.00 0.05 0.10 0.15 0.20 0.25 030 Q)
Reoms (€2) Reamp (€2)

Figure 45: (left) GFPD current as a function of combiner cable resistance. The analytical
calculation (blue trace) diverges from the SPICE simulation results as the resistance increases
(black dots). This is due to the fact that as the cabling resistance becomes an appreciable
function of inverter impedance, the array voltage can no longer be assumed to stay at MPP
throughout the fault (right). The cabling impedance effect on array voltage is much larger for
large arrays because the inverter impedance is so small.
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Figure 46: As the array size decreases, the analytical solution and SPICE simulation results begin

to merge. While the mismatch is large for large array sizes, the mismatch is smaller as the array
size goes to 21 strings (left) and is very close for a two-string array (right). The analytical and

numerical results merge because, as inverter impedance increases, the PV cabling resistance has

a much smaller effect on array voltage and the assumption that the array stays at V,,, is more
accurate.

6.7. Blind spot ground fault conclusions

The results demonstrated the influence of fault and conductor resistances on the detectability of

d

ifferent blind spot ground faults. Blind spot detection is challenging due to the small GFPD

current levels and the large influence of fault, GFPD, and cabling resistances on GFPD current.
The SPICE model and analytical results were used to determine trends for various ground fault
conditions and to ascertain potential benefits of reducing the fuse ratings in PV systems.
Decreasing the GFPD ratings to 1 A for large installations would not increase the number of
nuisance trips, but would protect against a wider range of ground faults. However, further

d

ecreasing the fuse ratings below 1 A does not improve the number of faults that can be detected
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due to larger internal GFPD resistances and a subsequent decrease in fault current. In fact,
because the ground fault fuse resistances increase from 1 A to 0.1 A, more blind spot faults can
be detected with the 1 A fuse. Unfortunately, fewer ground faults to other parts of the array can
be detected (IEC, 2005), so it is necessary to carefully select the GFPD rating to optimize the
types of ground faults that can be detected.

While it may not be possible to provide complete detection for both faults within the array and
faults to the grounded CCC using a fuse, the simulations indicate that the detection window for
blind spot faults can be optimized by:

1y

2)

3)

4)

5)

Minimizing leakage current, because fault current is the opposite direction of leakage
current and large leakage currents will inhibit the detection of negative CCC faults;

Decreasing the fuse sizing for large arrays below UL 1741 requirements to 1 A, because
module leakage current will remain too small to result in nuisance tripping and it will trip
on more ground faults;

Preventing the reduction in fuses below 1 A because the internal resistance of the fuse
prevents the fault current from passing through the GFPD;

Monitoring both GFPD current magnitude and direction (especially for smaller array
sizes), because GFPD current can change direction when a negative CCC ground fault
occurs; and

Employing other fault detection tools such as differential current measurement and

insulation monitoring (see [13] for more information on alternative ground fault detection
techniques and suggestions).

69



7. SUMMARY AND CONCLUSIONS

Many ground fault simulations were performed to determine if reducing the ground fault
protection device (GFPD)—often called the ground fault detector/interrupter (GFDI)—fuse
rating would increase the number and type of ground faults that could be detected without
increasing the risk of nuisance tripping from leakage current. This work investigated the steady-
state operation of PV arrays with different ground faults resistances at multiple locations.
Ground fault simulations were carried out on arrays varying from two- to 201-string system with
seven modules per string using both non-linear (arcing) and linear ground faults (solid
connections). Ground faults were generated between each of the modules and the equipment
grounding conductor.

Some of the findings from small system simulations include:

* Ground faults with resistances less than ~1000 €2 decreased array voltage, current, and
power

* For a given value of Rey, the fault and GFPD current increased nearly linearly as more
modules of the string were faulted to ground.

*  While modules in the unfaulted strings sourced greater current during a fault event, the
applied voltage increased in the modules above the fault.

* If the value of Rt was low enough and a significant number of modules are faulted, the
applied voltage to these modules was equal to or greater than the module V., the current
in the faulted string reversed direction, and the unfaulted strings ended up backfeeding
the fault.

To investigate nuisance tripping risks with decreased ground fault fuse ratings, simulations were
carried out on two-, three-, and 10-string arrays with faults at multiple locations. Each module
was simulated with various leakage currents from 1 wA through 1 mA. These simulations were
used to find the maximum detectable fault resistance (Ryip ) for fuses of 0.1 and 1 A. Some of
the findings from these experimenters were:

* For leakage values consistent with IEC 61215 requirements, decreasing ground fault fuse
ratings would drastically increase the number of detectable high-impedance ground faults
while not increasing the risk of GFPD nuisance trips

* AO0.1 A fuse would detect ground fault resistances that are roughly 10x larger thana 1 A
fuse

* At less than 100% irradiance levels, faults become even harder to detect because there is
less current through the ground fault fuse. Low impedance faults are linear with the
irradiance on the system, while high impedance faults are constant with respect to
irradiance.
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* The blind spot of modern GFPD systems are not limited to the grounded conductor—they
can exist for ground faults from modules that are at a low potential

* The location of the fault is critical to the ability of the GFPD to detect it. Faults at 1+ are
significantly more difficult to detect because the fault current through the GFPD is
smaller than the other faults.

* Leakage currents for all arrays are small compared to the fault current.

As the size of the array increases, the effective resistance of the inverter to reach the maximum
power point decreases. As a result, larger arrays are not more likely to detect high resistance
ground faults. Larger arrays are, however, more likely to detect low resistance ground faults
because the backfed current will be larger. This effect can be reduced, however as the GFPD
rating is often increased from 1 to 5 A as the inverter size increases.

GFPD current was plotted for faults at various locations of one- through 201-string arrays with
fault resistances of 0.01, 1, and 25 Q. In order to protect an array from a 1+ fault, the fuse rating
of a GFPD would have to be set at 1 A for a 0.01 Q and 1 Q fault. However, for a 25 Q fault,
the fuse rating would have to be decreased to 0.5 A.

Blind spot cases, where a fault occurs to the grounded current-carrying conductor, were
simulated by including the internal resistance of the conductors and the GFPD. Surprisingly,
decreasing the fuse ratings of PV installations does not improve the number of faults that can be
detected. In fact, because the ground fault fuse resistances increase so drastically from 1 A to 0.1
A, more faults could be detected with the 1 A fuse. This is in contrast to the previous
simulations of faults at 1+. In the case of blind spot faults, even though there is very little
current through the GFPD it is often in the opposite direction of the leakage current and faults to
different locations in the array, so it may be possible to detect ground faults by monitoring the
voltage across the ground fault fuse.

Other simulations were performed to determine the influence of overcurrent protection in larger
PV systems where the OCPD rating is equal to or less than the GFPD rating. Unfortunately, in
these cases the OCPD clears, reducing the backfed current to zero, and the GFPD will no longer
detect the fault.

In general, to detect the greatest number of ground faults in PV systems

* alow fuse rating (1 A and below) is needed for 1+ through 7+ faults, so long as it does
not make the array susceptible to nuisance trips due to EMI noise and module leakage
current

* a fuse with low internal resistance but high sensitivity (~1 A) is needed for blind spot
ground faults in order for the fault current to pass through the GFPD

Based on these simulations, decreasing the GFPD ratings to 1 A for large systems would not
increase the number of nuisance trips, but would protect against a wider range of ground faults.
However, reducing the fuse ratings for residential and commercial sized arrays below 1 A is not
advised because the detection sensitivity of blind spot faults is reduced.
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Unfortunately, as shown in these simulations, GFPD fuses alone cannot detect all ground faults.
Additional ground fault protections are recommended and discussed in detail in [13].
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8. FUTURE WORK

The purpose of this work has been to demonstrate the use of SPICE in understanding blind spot
faults in PV arrays. The data presented here is preliminary in nature and utilizes a simplistic
model of a complicated system, e.g., excluding inverter maximum power point tracking,
complex impedances, inverter bus capacitance, and AC feedback effects. =~ While these
computational simulations demonstrate a number of trends, they are no replacement for
experimental data. (See the other Solar ABCs report on field measurements titled, “Final Report:
Examination of Inverter Ground-Fault Detection ‘Blind Spot’ with Recommendations for
Mitigation” for leakage and ground fault currents in real systems.) In order to truly calibrate the
model to an actual PV system, it would be necessary to collect data from a real array and create
controlled fault conditions. The generic PV system model was used to determine trends for
various ground fault conditions and to ascertain potential benefits from reducing the fuse ratings
in PV systems. By corroborating these findings with experimental results, recommendations for
GFPD ratings changes to address current shortcomings in ground fault protection can be offered
to assist the PV industry.
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